T he transformation of carbon dioxide back into carbon-based fuels and chemicals is one of the most important technological challenges of this century. Using electricity to regenerate fuels from carbon dioxide and water has the potential to reduce CO 2 emissions and facilitate the storage of renewable energy at large scales [1] [2] [3] . During electrochemical CO 2 reduction, energy is stored by reorganizing the molecular bonds in CO 2 and water to form oxygen and CO 2 reduction products containing one (C 1 ) or two or more (C 2+ ) carbon atoms. Under aqueous conditions, elemental metal electrodes generate a mixture of C 1 reduction products 4 and, while nickel and silver are also known to form C-C bonds, only copper produces C 2+ compounds as major products [5] [6] [7] [8] [9] . Among the various C 2+ products formed on copper, alcohols are highly desirable due to their high energy densities and ease of storage and transportation as liquids [10] [11] [12] . These desirable properties of copper for liquid alcohol formation motivate studies to understand how to tune the selectivity of copper-based electrodes towards longer and more energydense molecules, which could open opportunities for producing renewable fuels from CO 2 .
Copper catalysts generally favour the production of ethylene over the production of ethanol and n-propanol during CO 2 reduction 6 . However, several catalyst systems have been developed that are capable of showing selectivity towards oxygenates. When supplied directly with CO as opposed to CO 2 , oxide-derived copper electrodes produce ethanol, acetate and n-propanol with up to 57% Faradaic efficiency at modest overpotentials under alkaline conditions 13 . In these oxide-derived copper systems, the active sites for CO reduction are proposed to be strong CO-binding sites that are supported by grain boundaries, which are different from terrace and step sites on polycrystalline copper 14 . More recently, oxide-derived CuZn x bimetallic catalysts were shown to be more selective for CO 2 reduction to ethanol versus ethylene, and a spillover mechanism has been proposed where CO generated on the zinc metal desorbs and migrates near copper active sites where C-C coupling is catalysed 15 . Although alcohol selectivity increases with zinc composition, the impact of alloying on the intrinsic activity for CO 2 reduction is unclear as effects of mass transfer in such nanoporous catalysts make it difficult to ascertain intrinsic kinetics. Another recent study demonstrates that CuAg bimetallics have enhanced selectivity to C 2+ products, which was attributed to a suppression in the hydrogen evolution reaction (HER) from the formation of compressively strained CuAg surface alloys 16 . The total current density for products derived from CO scales as a linear combination of the copper and silver composition, indicating that CuAg has an averaged persite CO 2 reduction activity that is similar to or lower than that of elemental copper. The aforementioned studies motivate the development of new bimetallic cathodes that have improved intrinsic reaction rates for CO 2 reduction to C 2+ products by increasing the turnover frequencies (TOFs) of active sites on the catalyst.
Herein, we report a gold on copper (Au/Cu) bimetallic catalyst that consists of gold nanoparticles deposited by physical vapour deposition on top of a fairly flat polycrystalline copper foil. When tested for CO 2 reduction, the Au/Cu catalyst exhibits a catalytic activity and product distribution different from that of either gold, copper or their metallic alloy. The Au/Cu catalyst has an earlier onset for alcohol production than either copper or gold alone, and higher selectivity for alcohols compared with hydrocarbons at lower overpotentials. We suggest that the trends in alcohol production originate from a tandem catalysis mechanism, where gold nanoparticles reduce CO 2 to CO near the copper surface, driving a high CO coverage. At low overpotentials, the copper surface operates under a high local concentration of CO and shows new chemistry favouring 
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The discovery of materials for the electrochemical transformation of carbon dioxide into liquid fuels has the potential to impact large-scale storage of renewable energies and reduce carbon emissions. Here, we report the discovery of an electrocatalyst composed of gold nanoparticles on a polycrystalline copper foil (Au/Cu) that is highly active for CO 2 reduction to alcohols. At low overpotentials, the Au/Cu electrocatalyst is over 100 times more selective for the formation of products containing C-C bonds versus methane or methanol, largely favouring the generation of alcohols over hydrocarbons. A combination of electrochemical testing and transport modelling supports the hypothesis that CO 2 reduction on gold generates a high CO concentration on nearby copper, where CO is further reduced to alcohols such as ethanol and n-propanol under locally alkaline conditions. The bimetallic Au/Cu electrocatalyst exhibits synergistic activity and selectivity superior to gold, copper or AuCu alloys, and opens new possibilities for the development of CO 2 reduction electrodes exploiting tandem catalysis mechanisms.
C-C coupling and the production of C 2+ alcohols, which had not been previously observed for copper-based electrodes.
Results
Characterization of the Au/Cu bimetallic catalyst. Au/Cu electrocatalysts were synthesized using electron-beam evaporation to deposit a nominal thickness of eight angstroms of gold onto a polycrystalline copper foil. A detailed description of the deposition procedure is given in the Methods. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to characterize the morphology and structure of Au/Cu before CO 2 electroreduction. The SEM micrographs-acquired using a secondary electron detector-show bright gold particles that are approximately 3-5 nm in diameter, uniformly distributed on the surface of a copper foil ( Fig. 1a and Supplementary Fig. 1 ). It is likely that the gold nanoparticles form on the native copper oxide surface through a Volmer-Weber growth mechanism, since the gold-gold interactions are stronger than those between gold and the oxide support because gold is an oxophobic noble metal 17 . Analysis of Au/Cu by high-resolution TEM shows that the particles have a high degree of crystallinity with various orientations, and further TEM analysis by energy-dispersive X-ray spectroscopy corroborates the presence of gold on the copper surface ( Supplementary Fig. 2 ). These combined results suggest that the morphology of the as-prepared Au/ Cu material consists of well-dispersed gold nanoparticles on top of a flat copper foil.
To determine whether the morphology and surface composition of the Au/Cu electrode change during CO 2 reduction, representative Au/Cu samples were characterized after electrocatalysis experiments by SEM, double-layer capacitance (C dl ) measurements and X-ray photoelectron spectroscopy (XPS). SEM micrographs show that the gold nanoparticles sinter into larger gold islands with a broader particle size distribution during electrocatalysis (Fig. 1b) . Analysis of the micrographs (Fig. 1a,b) , using the contrast between the brighter gold nanoparticles and the darker underlying polycrystalline copper foil to count pixels, shows that sintering decreases the gold coverage on copper from 49 to 29%. To further investigate the change in morphology, the C dl was measured in situ using cyclic voltammetry before and after CO 2 reduction testing ( Supplementary  Fig. 3 ). The C dl of the Au/Cu material decreased by 40% after testing, corroborating the loss in surface area observed from the SEM micrographs due to gold nanoparticle sintering. Despite the loss in surface area, the C dl of the tested Au/Cu electrode is still seven times larger than that of the copper electrode. Additional analyses detailed in Supplementary Note 1 indicate that the majority of increase in C dl probably arises from the gold nanoparticles, through a combination of higher surface area and an enhancement in the specific capacitance. Although ex situ XPS measurements on Au/Cu show the presence of gold and copper on the surface after CO 2 reduction (Fig. 1c) , the initial gold composition decreases from 10 to 0.4 at.% after testing ( Supplementary Fig. 4 and Supplementary Table 1) while the copper composition increases from 2 to 18 at.%. Analysis of the Au/Cu surface after cyclic voltammetry ( Supplementary Fig. 5 ) but before CO 2 reduction indicates that significant changes in surface composition already occur from reducing the electrode before testing (Supplementary Table 1 ). It is noteworthy that the surface composition continues to change during potentiostatic measurements, with the overall trend of a decrease in the gold-to-copper ratio (Supplementary Table 1 ). The large change in the relative XPS signal intensity can be attributed to a combination of changes in morphology, interdiffusion of the two metals 18 , particle detachment, and/or surface modification on returning to open circuit potential 19 and exposure to air 20 . Although the reconstruction mechanism is not well understood, the mobility of gold and copper is significant even at room temperature, and the electrochemical bias applied during cyclic voltammetry and CO 2 reduction is sufficient to drive drastic changes in morphology [20] [21] [22] [23] [24] [25] [26] . XPS was also performed after repeating five electrochemical tests of one hour to determine whether a stable composition of the Au/Cu surface was reached after the first experiment. As shown in Supplementary Table 1, the surface composition does not vary significantly after the first experiment, and gold remains on the surface after repeated testing without noticeable changes in performance. These results suggest that the Au/Cu surface undergoes significant rearrangement during the first hour of experiments, and that this rearranged configuration is probably stable over the course of subsequent CO 2 reduction experiments.
Asymmetric X-ray diffraction (XRD) was also employed to characterize the structure of Au/Cu after CO 2 reduction testing. The X-ray diffractogram in Fig. 1d shows that strong diffraction peaks are present from the Cu(111), (200) and (220) planes. A small peak is observed for Cu 2 O(111), indicating that a crystalline Cu 2 O phase contributes to the copper 2p 3/2 XPS peak in Fig. 1c . Unlike the XPS results, peaks for Cu(OH) 2 and CuCO 3 are not observed in XRD due to the amorphous nature of the phases and/or small domain sizes. Importantly, two smaller Au(111) peaks are detected at 2θ angles of 38.3 and 38.9°, corresponding to lattice spacings of 2.35 and 2.31 Å. The second peak at 38.9° could be from minor lattice contractions in the gold nanoparticles 27 and/or the solubility of minor amounts of copper into the gold crystal. It is difficult to deconvolute these effects; thus, the possibility of interdiffusion and formation of a surface alloy cannot be neglected. However, the dominant morphological features of the Au/Cu catalyst can still be described as gold nanoparticles on top of copper and will henceforth be described as such.
Earlier onset for CO 2 reduction to alcohols on Au/Cu. The CO 2 reduction activities and product selectivity of Au/Cu were examined in CO 2 -saturated 0.1 M KHCO 3 (pH 6.8) and compared with those of copper 6 and gold 28 catalysts that were previously studied in the same electrochemical cell and conditions. After initial cyclic voltammetry sweeps ( Supplementary Fig. 5 ), one-hour potentiostatic experiments were used to examine the activities of the electrocatalysts across a broad range of potentials ( Supplementary  Fig. 6 ). The average experimental data, collected for at least three different Au/Cu samples tested at each potential, are summarized in Supplementary Tables 2 and 3 . An examination of CO 2 reduction current efficiencies (Supplementary Fig. 7 ) and partial current densities (Supplementary Fig. 8 ) for gold, copper and Au/Cu shows that the selectivity and activity for further reduced products (> 2e − ) are significantly different for the three distinct electrocatalysts. At higher overpotentials, Au/Cu reaches a maximum alcohol partial current density 90 mV more positive than on copper, suggesting that the Au/Cu catalyst is limited by CO 2 mass transport at earlier potentials. Remarkably, at low overpotentials, the rate of CO 2 reduction to > 2e − products is more than 100 times higher on Au/Cu than on copper (Fig. 2a) . The statistical significance of the enhancement in activity is discussed in Supplementary Note 2. In particular, current efficiencies and partial current densities show that the Au/Cu catalyst is selective and active for alcohol production at low overpotentials where gold and copper are not (Fig. 2b) , resulting in the detection of alcohol products at overpotentials 260 mV lower compared with copper. At more positive potentials, CO 2 reduction rates decrease exponentially and only H 2 , CO and formate are observed from the Au/Cu electrode. It is noteworthy that there are minor changes in the activity and selectivity of Au/Cu to gas-phase products over time ( Supplementary Fig. 9 ), probably due to the aforementioned changes in morphology of the electrode. However, standard error analysis indicates that the observed enhancement in catalytic performance is statistically significant (Fig. 2) . To determine whether the gold loading has an impact on the activity and selectivity of Au/Cu, higher and lower nominal thicknesses of gold were deposited onto copper. No > 2e − products were detected for higher gold loadings ( Supplementary Fig. 10 ), while lower loadings show no enhancement in > 2e
− products compared with copper electrodes, indicating that there is an optimal range for the gold loading.
To assess whether the improvements in catalytic performance are due to an increase in the total number of active sites and/or the averaged TOF (TOF avg ) for all sites 29 , the previously described C dl measurements ( Supplementary Fig. 3 ) were used to assess differences in the roughness of each material. Since the enhancement in activity for CO 2 reduction to > 2e − products is greater than the increase in C dl from copper to Au/Cu, at least part of the enhancement is attributed to an improvement in the TOF avg . It is noted that the C dl measurements provide a conservative estimate of the total number of active sites by accounting for the entire surface area of the electrode. Since the majority of additional roughness on Au/ Cu is probably due to the gold nanoparticles (Supplementary Note 1), which are unlikely to further convert CO by any substantial amount, any further discussions within this study on the TOF avg to > 2e − products are based on normalizing to the geometric surface area to allow for a more direct comparison to copper. As discussed in the introduction, previous studies have shown that the incorporation of metals into copper that bind CO weakly, such as gold, silver and zinc, has been shown to increase the selectivity for various oxygenated products such as alcohols 15, 16, 30, 31 . However, for all of these catalysts, the TOF avg for CO 2 reduction to > 2e − products either decreases or remains the same when compared with that of copper, or the impact of a bimetallic catalyst on the TOF avg is unclear due to challenges with deconvoluting mass transport effects in highly porous systems. The latter is the case for a recent report on electrodeposited AuCu alloys, since the enhancement in ethanol selectivity was only observed for nanoporous electrodes and did not translate to smooth AuCu surfaces 30 . In the present study, we demonstrate a decrease in the overpotential required for alcohol production by increasing the TOF avg on copper bimetallic electrodes.
Understanding the enhancement of >2e
− products on Au/Cu. Theory indicates that a surface with an intermediate binding strength to CO is a necessary but insufficient condition for high activity to further reduced products 32, 33 . These results suggest that an AuCu alloy could exhibit higher intrinsic activity to > 2e − products than either gold or copper. To test this hypothesis, bimetallic alloys containing 1 at.% gold (Au 0.01 Cu 0.99 ) were prepared by electron-beam evaporation and tested for CO 2 reduction. Supplementary Fig. 11 shows that the trend of enhanced alcohol production at low overpotentials on a Au/Cu catalyst is not reproduced on Au 0.01 Cu 0.99 alloys. These results are similar to those from other reports on AuCu alloys that demonstrate a higher intrinsic activity for the production of CO, but no significant improvement in selectivity towards > 2e reduction products [34] [35] [36] . Thus, the trends in activity and selectivity indicate that the observed large decrease in overpotential for the production of alcohols on Au/Cu is unlikely to originate from a surface AuCu alloy. A CO 2 reduction study on Au@Cu core@shell nanoparticles with different copper shell thicknesses detected only hydrocarbons and formate, indicating that the overlayers are not selective for alcohols 37 . The electrocatalytic behaviour of Au/Cu is clearly different from that of all the aforementioned gold-and copper-containing catalysts, suggesting that the enhancement to alcohols on Au/Cu is strongly influenced by the distribution of atoms in the bimetallic catalyst.
To rationalize the earlier onset for alcohol production on the Au/ Cu electrode, we also examined CO production rates, because CO is the intermediate in CO 2 reduction to > 2e − products on gold and copper. The rates of CO 2 reduction under steady-state conditions and the rates of CO evolution from the flat surface of the electrodes (shaded area under the curve) are shown in Fig. 3 . On the gold surface, CO 2 is mainly reduced to CO and desorbs due to unfavourable thermodynamics for CO adsorption. In contrast, CO binds stronger to the copper surface and only a small flow is detected from the electrode. As expected, Au/Cu produces an intermediate amount of CO and approximately half of the reduced CO 2 escapes the electrode as CO. The local concentration of CO at the electrode-electrolyte interface is in equilibrium with absorbed CO on the surface, and can be calculated from the net CO flow escaping from the electrode using mass transport modelling ( Supplementary Fig. 12) 
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. During CO 2 reduction on the gold and Au/Cu catalysts, the estimated local CO concentration is above the CO solubility limit and is much larger than that of copper. These results indicate that the gold nanoparticles increase the local concentration of CO around Au/Cu, probably leading to an increase in the surface coverage of CO on copper, since CO spillover from gold onto copper is thermodynamically downhill 32 . Diffusion lengths for CO from gold to copper on the surface of the electrode are three to four orders of magnitude smaller than diffusion lengths in and out of the boundary layer (Supplementary Note 3) . To assess the role of the local CO concentration on the activity of Au/Cu and copper, CO reduction studies in 0.1 M KOH were conducted using an electrochemical cell modified with a frit to improve the gas dispersion of CO. In contrast with the trends observed for CO 2 reduction, copper is more active and selective for CO reduction than Au/Cu (Supplementary Fig.  13 ). This trend in CO reduction performance can be rationalized since gold is not active for CO reduction and blocks copper active sites. Therefore, the results suggest that the observed enhancement at lower overpotentials for CO 2 reduction to > 2e − products on Au/ Cu (Fig. 2 ) is due to a tandem catalysis mechanism, where gold and copper are in close proximity and have complementary surface chemistry.
In addition to corroborating a tandem catalysis mechanism, mass transport modelling can reveal competitive interactions between CO 2 reduction and the undesired HER. A comparison of copper, gold and Au/Cu shows large differences in the maximum CO 2 reduction rate ( Supplementary Fig. 14a) , before an eventual decrease in the CO 2 reduction rate at more negative potentials in the case of gold and Au/Cu. These trends in the CO 2 reduction rate are ascribed to an increase in the local pH at the electrode from the combination of CO 2 reduction and HER ( Supplementary Fig.  14b ) 38 . At high total current densities, the local pH at the surface of the electrode is higher than the second pKa of carbonic acid, shifting the equilibrium towards CO 3 2− and reducing the concentrations of HCO 3 − and CO 2 at the interface ( Supplementary Fig. 14c ). This pH effect is corroborated by the aforementioned decrease in the CO 2 reduction rate observed for gold and Au/Cu at the most negative potentials. Therefore, the HER can decrease CO 2 reduction reaction rates in at least two distinct ways: (1) a direct way by which the HER competes with CO 2 reduction for reaction sites; and (2) an indirect means by increasing the local pH and decreasing the dissolved CO 2 concentration near the surface, resulting in further mass transport limitations.
Improved C 2+ -to-C 1 and alcohol-to-hydrocarbon ratios for Au/Cu. To further investigate the possibility of a tandem catalysis mechanism, we examined the selectivity and activity of gold, copper and Au/Cu to > 2e − C 1 and C 2+ products. The C-C coupling selectivities of copper and Au/Cu are compared by examining the ratios of C 2+ to C 1 products as a function of the potential (Fig. 4) . The C 2+ -to-C 1 ratios for both copper and Au/Cu increase exponentially with a decrease in the overpotential, demonstrating that more positive potentials will favour C-C coupling over C 1 pathways (Fig.  4a) . Notably, enhancement in the C 2+ -to-C 1 ratio is observed for Au/Cu at lower overpotentials. To distinguish between whether this enhancement on Au/Cu is due to an increase in the rate of C-C coupling or a suppression of the C 1 pathways, the C 2+ and C 1 production rates were compared for the three electrocatalysts. At lower overpotentials, a clear improvement is observed for C 2+ production rates on Au/Cu by up to two orders of magnitude compared with those on copper, while the C 1 production rates are similar for both electrodes (Fig. 4b) . Therefore, the aforementioned enhancement in activity to > 2e − products on Au/Cu (Fig. 2a) is attributed to an improvement in C-C coupling kinetics and not a suppression in the activity to C 1 products. This trend in C-C coupling activity is further evidenced by analysis of the C 3 -to-C 2 product ratio, which is also improved for Au/Cu at lower overpotentials ( Supplementary Fig. 15a ), suggesting an increase in the surface coverage and local concentration of CO. Theory studies suggest that C-C coupling on a copper surface is a chemical step 39 , and thus the production of longer carbon chains is more facile at lower overpotentials and high local CO pressures where the diffusion of adsorbed species and C-C coupling on the surface are favoured over electrochemical reduction of *CO to C 1 products. As described by the mass transport modelling in the previous section, these increased local CO pressures can be generated by gold nanoparticles in the vicinity of copper ( Supplementary  Fig. 12) . Therefore, the enhancement in C-C coupling kinetics on Au/Cu due to the improved local CO concentrations corroborates a tandem catalysis mechanism where the gold and copper electrocatalysts are operating in synergy. Although > 2e − products can also be generated through a two-pot process where CO 2 reduction to CO on gold is separated from CO reduction on copper, the results indicate that it could be technologically advantageous to engineer catalysts at the nanoscale, such as Au/Cu, which can achieve these transformations in one pot. In addition to the formation of longer chains at lower overpotentials, the production of alcohols is also favoured over that of hydrocarbons on the Au/Cu surface ( Supplementary Fig. 15b ) and merits further discussion. In a previous study, gold has been experimentally found to be more selective to methanol over methane, and density functional theory calculations suggest that C-O bond scission is thermodynamically unfavourable on the surface of gold 28 . The presence of the oxophobic gold metal on the copper surface could favour reaction pathways that preserve C-O bonds during electron/ proton transfer steps, resulting in the formation of -CH x OH intermediates. Reduced CO species-particularly CHO and CH 2 Ohave also been hypothesized to be involved in C-C coupling on the copper surface because these species have low barriers to the formation of C 2 precursors 40 . However, the barrier to hydrogenate CO to CHO is higher at lower overpotentials and C-C coupling could proceed through a reductive dimerization step to form OCCHO as a stable intermediate 41 .
Although the mechanism for the formation of C 2+ alcohols is not clear, and methods for the quantification of reaction kinetics are lacking, a trend in higher selectivity to alcohols over hydrocarbons with decreasing overpotentials has also been observed on other catalysts 13, 42 . This trend suggests that the higher alcohol-to-hydrocarbon ratio on the Au/Cu catalyst could be simply due to the lower applied potential. The CO-binding strength on copper is affected by the applied potential 43 and at more positive bias, the combination of a weaker binding strength for CO, the aforementioned higher CO local concentration and lower rates for proton/water reduction could result in shifting of the product selectivity towards the oxygenated CO 2 reduction products. Therefore, the increase in selectivity towards alcohols at lower overpotentials may be the result of both the weak oxygen-binding characteristics of gold and the operation of the electrode at lower overpotentials, and further work will be necessary to elucidate the mechanism of improved oxygenate selectivity on the tandem Au/Cu electrocatalyst.
Comparison with state-of-the-art bimetallic copper catalysts.
Since the initial studies by Hori and co-workers 44 , a number of researchers have attempted to modify the intrinsic activity of copper to > 2e − products by introducing a second metal, and the topic of copper bimetallics continues to be of scientific and technological interest 45 . Fig. 5 shows the geometric activity to > 2e − products for a number of representative copper bimetallic catalysts that have been reported in the literature 15, 16, 44, [46] [47] [48] . When assessing the intrinsic activity, it is important to test a copper bimetallic catalyst (filled symbols) and a copper standard catalyst (empty symbols) in the same electrochemical cell so that they are evaluated under similar hydrodynamic and mass transport conditions. Similarly, catalysts should be compared in the same electrolyte to deconvolute the intrinsic activity from ion identity [49] [50] [51] and/or pH effects 12, [52] [53] [54] . In addition, how the reactants are transported to the cathode is a significant consideration when evaluating the performance of catalysts, because the concentrations and coverages of reactant species have a strong influence on the intrinsic reaction rates. Recently, a key element of research progression in the field of CO 2 reduction has been the implementation of catalysts discovered in reactors designed for fundamental studies, where the supply of CO 2 is limited by solubility in the aqueous phase to vapour-fed reactors that are optimized for mass transport. While the development of vapour-fed reactors is clearly important for addressing the technological challenge of reducing CO 2 at high conversion rates and power densities, the reaction rates for catalysts evaluated under vapour-fed and aqueous-phase conditions should not be directly compared when assessing the intrinsic activity. Therefore, to provide the best comparison, we note that all of the aforementioned studies have a similar method of reactant mass transport, where CO 2 is solubilized in the aqueous phase and diffused to the cathode. It is noteworthy that − products. Geometric current density to > 2e − reduction products ( > − j 2e ) for a range of catalysts reported in the literature (for roughnessnormalized activity, data points in the diffusion-controlled regime and further details, see Supplementary Fig. 16 ). At lower overpotentials, the Au/Cu catalyst, despite its low surface area, compares favourably to highsurface-area electrodes in its rate of production of > 2e − products on a geometric area basis, indicating a substantially higher TOF avg . Red circles correspond to copper from the work of Kuhl et al. 6 and Au/Cu from this work. Blue diamonds correspond to the work of Varela et al. 48 on copper overlayers on a Pt(111) surface. Orange triangles correspond to the work of Ren et al. 15 for oxide-derived copper and Cu x Zn catalysts. Purple triangles correspond to the work of Chen et al. 47 for PdCl x adsorbed on the surface of Cu 2 O-derived copper electrodes. Green hexagons correspond to the work of Clark et al 16 for CuAg surface alloys. Violet squares correspond to the work of Watanabe et al. 46 for Cu-Ni alloys. Yellow and olive squares correspond to the work of Hori et al. 44 for iron-and nickel-modified copper electrodes.
the copper-based catalysts span a large range of morphologies, so the electrodes have been classified as rough (dashed line) and planar (solid line) to facilitate comparisons. As previously introduced in the section regarding the TOF avg of electrocatalysts, it is important to account for mass transport effects in both rough and planar catalyst systems by comparing data at potentials where the reaction rate is controlled by activation and not diffusion. While it is challenging to assess the maximum CO 2 reduction rate for each electrochemical cell due to differences in the reactor hydrodynamics 55 and the influence of the HER on the mass transport of CO 2 , examining the potential dependence of the CO 2 reduction rate on a logarithmic scale can suggest regions where the reaction is becoming diffusion controlled. Therefore, the range at more negative potentials where the CO 2 reduction rate deviates from the initial exponential catalytic behaviour will henceforth be considered to be in a diffusioncontrolled regime.
While a number of studies have reported an increase in the selectivity to > 2e − products 15, 16, 47 on copper bimetallics, this improvement is generally accompanied by lower geometric activities when compared with the corresponding copper standard of a similar morphology (Fig. 5) . A notable exception is the Au/Cu bimetallic, which shows a clear improvement in geometric activity to > 2e − products compared with the copper standard from the same electrochemical cell. Although the Cu-Ni 46 and Cu/Pt(111) 48 bimetallics also show an apparent improvement in geometric activity when compared with the copper standard from Kuhl et al. 6 , it is difficult to make an accurate assessment regarding an enhancement in catalytic performance without comprehensive quantitative data for > 2e − products from a copper standard evaluated in the same electrochemical cell. As previously discussed, since the copper-based catalysts span a large range of morphologies and total number of active sites, it is necessary to implement data normalization methods to assess the intrinsic activity by quantitatively accounting for differences in the electrode surface areas. While only a few of the aforementioned studies have presented normalized activities to determine whether there is an improvement in the TOF avg ( Supplementary Fig.  16 ), those that are reported are generally normalized to the electrochemically active surface area using measurements of the C dl that are similar to the method that is described in a previous section in this work. We note that the TOF avg is a conservative estimate for the total number of active sites, since it is unlikely that all of the sites will be active in a bimetallic. However, any promotion in activity using this conservative estimate clearly indicates an improvement in the intrinsic reaction rates. It is important to note that the rates are improved in a tandem catalysis mechanism by accelerating the ratedetermining step, and that introducing a second metal that catalyses a later and faster reaction step will have a larger influence on the selectivity. For example, the latter is the case for PdCl x adsorbed on the surface of copper, which has been shown to catalyse the hydrogenation of ethylene to ethane while the intrinsic reaction rates for CO 2 reduction do not increase 47 . Using the Au/Cu bimetallic, we have demonstrated enhancement of the intrinsic reaction rates for a copper bimetallic to > 2e − products, indicating that a one-pot tandem catalysis approach is an effective strategy for improving the energy efficiency for CO 2 reduction to valuable fuels and chemicals.
Conclusion
We have developed a Au/Cu bimetallic catalyst with improved activity and selectivity for the electrochemical transformation of CO 2 and water to C 2+ alcohols at ambient temperature and pressure. At low overpotentials, gold nanoparticles and the copper surface of the Au/Cu catalyst work in synergy to transform CO 2 to > 2e
− reduction products at rates more than two orders of magnitude higher than either gold or copper alone. Alcohol production is observed at over 265 mV more positive potentials on the Au/Cu catalyst compared with copper, and the increase in activity results from an acceleration in the C-C bond formation rate. Based on a mechanistic understanding of the reaction, we have proposed a tandem catalysis mechanism where CO 2 reduction on the gold nanoparticles generates a high local concentration of CO on the neighbouring copper surface where CO can be further reduced. Mathematical modelling of the mass transport in the boundary layer shows that the local concentration of CO near the electrode surface is kept near its saturation limit, which is not possible under CO reduction conditions. The insights gained from the Au/Cu catalyst open up new possibilities for developing highly active tandem catalysts. We have demonstrated that decoupling multiple steps during CO 2 reduction using bimetallic electrodes is a valid alternative to bypass design limitations intrinsic to monometallic surfaces. We envision improving the alcohol production rate by optimizing the structure of Au/Cu to reduce the amount of excess CO generated on gold. Furthermore, by increasing the C-C coupling rate at lower overpotentials, we expect the trend in chain growth to continue, resulting in longer alcohol chains than n-propanol near the thermodynamic potential. These studies motivate the development of high-surface-area Au/Cu electrodes and the investigation of other bimetallic systems for the efficient production of high-energy-density alcohols such as ethanol, propanol and butanol.
Methods
Au/Cu electrode preparation. Polycrystalline copper foils (Alfa Aesar; Puratronic, 99.9999+ metals basis) were cleaned by sonication in acetone and isopropanol for 30 min each and subsequent drying under argon. A nominal thickness of eight angstroms of gold metal was then deposited on top of the copper at a rate of ~0.1 Ås −1 via a custom-built vacuum chamber for physical vapour deposition at the Stanford Microfab Shop. A quartz crystal microbalance was used to quantify the mass of evaporated gold, and the nominal thickness and deposition rate were calculated using a density of 19.30 g cm . The preparation and characterization of the polycrystalline copper 6 and roughened gold 28 electrodes used in this work have been reported previously.
Physical characterization. The surface of the Au/Cu electrode was characterized ex situ using SEM (FEI XL30 Sirion), TEM (FEI Tecnai G2 F20 XTWIN), XRD (Phillips PANanalytical X'Pert Pro; Cu Kα radiation) and XPS (PHI 5000 Versaprobe). An accelerating voltage of 5 kV was used during SEM imaging with a secondary electron detector. A grazing incidence of 1.35° was used in the XRD analysis to increase the signal coming from the surface as opposed to the bulk.
Electrochemical characterization and product quantification. Extensive details of our electrochemical testing setup have been described in the literature 5, 6 . In brief, a custom-built electrochemical cell with high sensitivity to liquid products was used to conduct hour-long potentiostatic experiments in 0.1 M KHCO 3 (Sigma-Aldrich; 99.99% trace metals basis). Strictly, the duration of the potentiostatic experiments was either 60 or 70 min with no significant difference in the current efficiencies measured. The working electrode was the Au/Cu electrode, and the counter electrode was a platinum polycrystalline foil. An anionexchange membrane (Selemion AMV; AGC) separated the chambers. The exposed surface area of the working and counter electrode foils was 5.8 cm 2 . Electrolysis experiments carried out at similar potentials for one hour are grouped and summarized in Supplementary Tables 2 and 3 . It is noteworthy that the error in the reported potential primarily originates from the grouping of similar potentials, perhaps contributing to the standard deviation calculated for the partial current densities to some of the products. The error between measurements is reported as one standard deviation of the mean, which spans over 68% of all experimental values. A cyclic voltammogram was taken before and after each potentiostatic experiment by starting at the open circuit potential (~0.5 V versus the reversible hydrogen electrode (RHE)) and cycling the potential between 0.6 V versus RHE and the potential tested in each potentiostatic experiment. The gas-phase products were analysed from the headspace during electrolysis using gas chromatography (SRI Instruments; Multiple Gas #3, 8610C), and the liquid-phase products were analysed from the electrolyte post-reaction using 1 H NMR (D 2 O/H 2 O; Varian Inova 600 MHz). Four gas samples were collected throughout each of the hour-long experiments, and one aliquot of liquid was tested at the end of the hour from the electrolyte in the cathode and anode compartment. In the 60 min potentiostatic experiments, gas samples were collected after 5, 23, 41 and 59 min of electrolysis. In the 70 min potentiostatic experiments, gas samples were collected at 5, 25, 45 and 65 min.
Mathematical modelling of the electrochemical CO 2 reduction on metal electrodes. We have developed a theory of mass transfer in the concentration boundary layer coupled to electrochemical CO 2 reduction on the surface of a flat electrode. Our model builds on the mathematical model previously reported by Gupta et al. 38 . and will be the focus of a separate publication. In brief, we have applied this theory using finite differential numerical simulation to estimate the local pH and concentration of species during CO 2 , which accounts for the dynamic equilibrium between electrostatic forces and diffusion in dilute solutions and the rates of reaction of the buffering bicarbonate. Here, c i is the concentration of the i species (including all cations, anions and neutral molecules in the electrolyte) and ∇ u c i is the contribution of convection to mass transfer, which is assumed to be negligible inside the boundary layer. D i is the diffusion coefficient, z i is the valence, q is the elementary charge and ϕ is the electric potential. R i is the rate of formation and consumption of the various species given by the equilibrium constants and reaction rates described in the model proposed by Gupta et al. 38 for the bicarbonate buffered solutions. This system of i equations has i + 1 unknowns. The additional equation required to solve this system of equations is derived from the Poisson equation using a mean field approximation for the free charge density in terms of the volume-averaged ion concentration ε ϕ −∇ ⋅ ∇ =∑ z qc ( ) i i i . In this model, the x = 0 position for the mathematical simulation is taken as the position of the outer Helmholtz plane. The non-charged molecules are allowed to come to the outer Helmholtz plane and are in kinetic equilibrium with species on the surface. This second equation accounts for the charge neutrality of the simulated system and does not require the description of the electric potential change inside the Helmholtz layer. The charged ions and cations move along the electric field E given by ϕ = −∇ E and the migration of charged molecules results in attenuation of the electric field and charge neutrality under steady-state conditions beyond the diffuse layer.
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